Abstract-Mechanochromic polymers are a new class of active materials, whose fluorescence emission is controlled by their mechanical deformation. In this paper, we present a mechatronicsbased platform for fluorescence detection and on-site testing of mechanochromic polymers. We envision the use of this technology in the development of new sensing systems, with applications in soft robotics and environmental engineering.
of sophisticated equipment to enable in situ sensing and data processing.
Herein, we build upon previous work of our group on mechanochromic sensors for strain and pressure sensing [12] . In [12] , we have examined large deformations and concomitant fluorescence response of mechanochromic elastomers. Through optomechanical testing and constitutive modeling, we have elucidated the mechanochromic behavior of thermoplastic polyurethane (TPU) blended with small weight percentages of bis(benzoaxolyl)stilbene (BBS) dye. Mechanochromism of TPU-BBS blends is controlled by the progressive shift of material fluorescence from emission of BBS aggregates (excimer emission) to emission of single BBS molecules (monomer emission) during the deformation of the polymer. Our results indicate a change in the fluorescence emission up to 60% when a thin TPU-BBS film is stretched to 100% strain [12] . Moreover, we have demonstrated a linear relationship between fluorescence emission and the surface stretch, modulated by the dye content.
Mechanochromic polymers show potential as mechanical transducers for strain and force signals. However, if we delve into on-site deployment of mechanochromic sensors, traditional instrumentation for fluorescence detection in laboratory environments is not well suited for integration into remote robotic and environmental sensing systems [13] [14] [15] . In addition, fluorescence measurements conducted with traditional instruments, such as spectrophotometers, do not allow spatial resolution of the emission, which limits real-time reading and analysis of deformation fields for complex geometries [16] . Beyond force and strain detection, improving experimental robustness and increasing spatial resolution in fluorescence measurement can benefit other fields of investigation, such as particle image velocimetry [17] and nondestructive evaluation [18] .
In this paper, we present a mechatronics-based platform for fluorescence detection and on-site testing of mechanochromic TPU-BBS sensors. We propose a compact design for the platform using commercial color cameras, and we articulate the fundamental steps of the data acquisition process and image analysis. Further, we present a dedicated image processing technique to isolate the sample from the background and measure fluorescence emission of the material. Finally, we report and discuss results of an experiment conducted on a TPU-BBS mechanochromic strip to demonstrate our approach.
II. MATERIALS AND METHODS

A. Optomechanical Testing
Optomechanical testing of mechanochromic polymers is performed using the apparatus described in [12] . Fluores- cence measurements are conducted using two FLEA FL3-U3-13E4C-C color cameras. To verify the fluorescence measurements performed using the cameras, we also measure the fluorescence emission of the polymer during stretching through an Ocean Optics USB2000+ portable spectrophotometer (www.oceanoptics.com). Samples used in the experiment are TPU-BBS mechanochromic elastomers prepared following the procedure reported in [7] . The samples have planar dimensions 48 × 5 mm 2 and thickness of approximately 0.3 mm. Two fiduciary marks are indicated on the samples surface 24 mm from each other using a soft marker. The uniaxial strain λ is defined as the ratio between the increment in length of the material after stretch and the original length of the sample, as determined from the fiduciary marks. During experimentation, a nonvirgin sample 1 is stretched to λ = 2.8 in a single loading cycle of approximately 50 s, while force, deformation, and fluorescence emission of the polymer are simultaneously recorded. To evaluate the effect of hysteresis, results for repeated loading of a virgin sample are included in the Appendix.
B. Fluorescence Detection and Image Processing
The apparatus designed for the fluorescence measurements is displayed in Fig. 1 . The setup consists of an ultraviolet (UV) excitation source and the two color cameras connected to a system of color filters. The color filters are used to isolate the emission of BBS dyes embedded in the polymer in their single molecule (monomer emission) and aggregate states (excimer emission). The UV excitation source is composed of a light emitting diode with emission peak centered at 365 nm. Emission of the diode is displayed in Fig. 2(a) . To eliminate overlap of the diode emission with the material emission, the excitation source is filtered using a Hoya U-340 color filter, whose transmittance is also presented in Fig. 2(a) . The intensity of the excitation source is computed as
1 Conditioning is performed by stretching the sample to λ = 2 before the test.
where H is the transmittance of the color filter, E led is the spectral intensity of the diode, λ w is the light wavelength, and t is time. The intensity of the source E e computed using (1) is displayed in Fig. 2 (b) along with the emission in the monomer band of the dye in chloroform solution.
Under the hypothesis of spatially invariant illumination [19] , the intensity of light reflected and emitted by the material is
where C and R are the specific fluorescence and reflectance intensities per unit excitation intensity, respectively; x is the position vector in the plane of the sensor, parametrized using Cartesian coordinates x and y; and F is the deformation gradient [12] . The dependence of the specific fluorescence on λ w is related to the characteristic emission of the fluorophore and to F, which controls the mechanochromic response of the material. The specific reflectance is related to the reflectivity of the material surface, which, in turn, depends on λ w . The spectrum of the light reflected and emitted by the TPU-BBS blends in the undeformed state is displayed in Fig. 2(c) . We identify four distinct peaks in the spectrum: 1) the sharp peak centered at 365 nm is the reflection of the light emitted by the diode on the surface of the polymer; 2) the two peaks centered at 410 and 434 nm, respectively, are associated with the fluorescence emission of single dye molecules dispersed within the polymer (monomer emission); and 3) the wide peak centered at 492 nm is related to the complex landmark of emission of BBS aggregates (excimer emission).
Fluorescence detection is performed using two cameras connected in parallel to simultaneously record the monomer and excimer emissions on two separate channels. Each camera hosts a 1.3-megapixel color CMOS sensor. The sensor converts the intensity of the fluorescence emission into an electrical charge, which is measured at each pixel using a rastering technique [19] . Projection of the material surface onto the imaging plane is assumed to be orthographic, so that the material plane x -y is mapped in the pixel lattice Γ using
where X and Y are the coordinates in the imaging plane, and γ is a geometric constant that relates the spatial units in the material space to units in the pixel lattice. Notably, color pixels are built with specific spatial geometries in color sensors (e.g., Bayer geometry [20] ), which are not accounted for in this study. Under this assumption, the electrical charge generated at a pixel location during the exposure time Δt is
where H is the transmittance of the filters; QE is the quantum efficiency of the channel [21] ; and F is the deformation gradient tensor on the pixel lattice Γ. Fig. 3 (a) displays the transmittance of the color filters shown in Fig. 1 , which are used to separate the material fluorescence from the reflected light in (2) . Filters with distinct transmittance are used in the monomer and ex- Normalization is performed by dividing the emission by the maximum intensity value in the spectrum. We observe that the absolute values of emission are function of time, since they depend on the electrical current through the diode during the measurements. cimer channels to isolate different components of the emission spectrum. Fig. 3(b) displays the nominal quantum efficiencies for the blue and green channels of the cameras. Fig. 3(c) shows the electrical charge that is generated at a pixel location for a unitary exposure time in (4), when a unit step input is used for the material emission in (4) .
Quantization of the electrical charge stored at the individual pixel location is performed by the analog-to-digital converter installed on the camera. The quantized pixel intensity value is
where χ is the lower integer of χ, R is the number of bits used in the quantization process, and E pel,max is the maximum charge stored at each pixel [21] . Fig. 4 (c) displays the quantized pixel intensity value recorded by the camera for the excimer channel [R = 8 bit, Fig. 4(a) ]. The two-dimensional (2-D) discrete Fourier transform [21] of the quantized fluorescence intensity measured on the pixel lattice is
where j is the imaginary unit and k is the vector of the spatial frequencies k X and k Y . The 2D Fourier spectrum of the image in Fig. 4 (a) is reported in Fig. 4(b) . The spectrum is shifted numerically to the center [21] , so that low frequency components of the image in Fig. 4 (a) are placed at the center of the image. The representation in the frequency domain can be associated with the 2-D transform of the product of two rectangular functions oriented along the X and Y axes. The product of such functions isolates a rectangle in the imaging plane, whose Fourier transform is the product of two sinc functions in the frequency domain. Recovery of high frequency components in the image is limited by the frequency resolution, that is,
Spatial variations in fluorescence intensity with spatial frequencies higher than this limit are not completely recovered in the image [21] , affecting the reconstruction of the deformation field F. Using (3), the frequency resolution limit in (7) is written in the material plane as This is the spatial frequency limit on the reconstruction of the deformation gradient F using the methodology outlined in this work.
C. Averaging of Fluorescence Signals
The accuracy of the fluorescence intensity measured at a pixel location (for an exposure time Δt) is affected by the environmental noise generated by other radiation sources, the noise generated by the camera sensor [22] , and the distortion induced by the quantization process [21] . To reduce the error associated with the fluorescence measurements, pixel intensities are averaged on the image through an averaging window, different from classical portable fluorescence spectrophotometers [23] , where time averaging is utilized. The procedure presented herein is similar to downsampling [21] , whereby pixel intensities are averaged across the image by applying a filter. The average pixel intensity on the averaging window A is
where i is an index labeling a generic pixel and N A is the number of pixels in the window. 2 While this process results in an improvement in the signal-to-noise ratio in the fluorescence measurement, this is at the expense of the total number of pixels available to reconstruct the deformation field, reducing the accuracy in measuring F according to the frequency limits reported in (7) .
A dedicated image segmentation procedure in MATLAB (www.mathworks.com) is used to isolate the sample from the background in the image. The RGB source image is converted to an intensity image, where intensities of pixels are computed as combinations of intensities of the three color channels. The 2 The mean square error associated with the measurement in the averaging window isσ
where σ 2 p el is the mean square error corresponding to the single pixel measurement. The value of the error at the individual pixel location is difficult to estimate from a priori consideration on the measurement chain. However, following [19] , we can use (10) to estimate a reduction of the signal to noise ratio of 10 log 10 (N A ) dB from the averaging procedure.
function edge is used to identify discontinuities in the pixel intensities, which are associated with boundaries of the sample. Bounded areas are filled using the function imfill and noise at the boundary is mitigated using the function imclearborder. Segmented regions are then indexed using the function bwconncomp and properties of each region are automatically computed by the software. Dimensions are measured using the option BoundingBox, which identifies the smaller rectangle bounding the high intensity pixel region.
Intensity data from the RGB source image are combined with the segmentation procedure for fluorescence measurement. Segmented images are used to identify pixel averaging windows in the original RGB image. We select a single averaging window that corresponds to the entire middle section of the sample identified by the fiduciary marks. Since we expect a constant deformation, such an averaging window will not reduce the accuracy in the spatial reconstruction of the field F.
To evaluate the mechanochromic response, the pixel intensity ratio within the averaging window is computed as the ratio of the intensity in the monomer channel to the intensity in the excimer channel. More specifically, cameras acquire the fluorescence signal over the ranges of wavelenghts encompassing the monomer and excimer bands, respectively. While this allows independent measurement of luminescence in the two channels, the emission intensity in each channel is only measured as an average over a broad range of wavelengths. This is a fundamental difference with respect to measurements performed using the spectrophotometer, with which the intensity is determined as the maximum of the peaks in the spectrum [12] .
Segmented images are also utilized to compute the length of the sample in pixels, which is the larger dimension of the rectangle identified using the option BoundingBox. The strain is computed from the pixel length as the ratio between the change in length of the sample during the test and its initial length.
III. RESULTS AND DISCUSSION
A. Measuring Fluorescence Emission
Time series of fluorescence spectra measured using the spectrophotometer are displayed in Fig. 5 . Fluorescence emission of TPU-BBS blends presents the typical emission landmark of BBS molecules in a polymer solution [12] , [24] , with two emission peaks associated with the monomer emission located at 410 and 434 nm, respectively, and a broad peak corresponding to the emission of the dye aggregates (excimer) at approximately 492 nm. The emission spectrum recorded at 0 s corresponds to the polymer emission at the beginning of the test, while the emission at 50 s refers to the end of the test (λ = 2.8). In agreement with previous observations [12] , we find a consistent reduction of the emission in the excimer band during stretching (492 nm peak). As the polymer is stretched from λ = 1 to 2.8, we observe an increase of approximately 75% in the ratio of monomer to excimer emission intensity, which should be related to the reduced contribution of excimer fluorescence in the luminescence of the polymer. Fig. 6 displays pixel samples extracted from images recorded by the cameras on the monomer and excimer channels. Pixel selections shown in Fig. 6 correspond to spectra displayed in Fig. 5 . As expected, the reduction of emission in the excimer band results in a reduction of pixel intensities in the excimer channel. A similar decrease of pixel intensities is not noted by monitoring images recorded in the monomer channel. Fig. 7 (a) and (b) illustrates results from the segmentation and averaging techniques discussed in the previous section for single loading of a nonvirgin sample. To discuss the effect of the hysteresis on the measurement, we report in the Appendix results obtained for repeated loading of a virgin sample. Fig. 7(a) displays the intensityĪ is computed by averaging the intensities at pixel locations in the sample, using the fiduciary marks as limits of the averaging window. The total number of pixels used for averaging is 1593 at the beginning of the experiment and 2617 at the end of the experiment when λ = 2.8. The variation in the surface area satisfies the hypothesis of incompressibility discussed in [12] , whereby the ratio between the surface area at the beginning and at the end of the experiment can be computed as √ λ = 1.67. The reduction of pixel intensities in the excimer channel is detected by the averaging procedure, with a reduction of the average pixel intensity from 238 at λ = 1 to 202 at λ = 2.8. As expected, intensity variations are limited in the monomer channel, where the average value of pixel intensity remains fairly constant during the experiment. Fig. 7(b) displays the ratio of monomer to excimer emission computed from the average pixel intensity measured by the camera channels. We observe a 25% increase in the ratio of monomer to excimer emission. The increase is lower than the increase obtained for the spectrophotometer (75%), which indicates a lower sensitivity of the cameras setup.
The spatial resolution of the camera setup is determined by analyzing the image in the excimer channel at the initial time. The geometric constant γ = 0.29 mm is obtained by computing the ratio of the sample pixel width in the imaging plane (17 pixels) to the sample width in the material plane (5 mm). Resolution limits are computed using (8) . The maximum spatial frequencies resolved from the images are k x,max = k y ,max = 1.72 mm −1 , so that the minimum surface over which the deformation field is resolved is estimated as (k x,max k y ,max ) −1 = 0.34 mm 2 .
B. Strain and Force Sensing
To demonstrate the possibility of strain and force sensing, we correlate the mechanical strain and force measured by the experimental apparatus to the change in fluorescence detected by the cameras. Fig. 8(a) presents the force-strain curve reconstructed from experimental data. A detailed discussion of the mechanical properties and constitutive behavior of TPU-BBS blends can be found in [12] . Fig. 8(b) displays the change in the monomer to excimer emission ratio as a function of the strain of the material during stretching. In agreement with [12] , we confirm a monotonic change in material fluorescence with the stretch, which is associated with the progressive reorganization and alignment of dye aggregates in the polymer network. Fig. 8 (b) displays theoretical predictions of the model proposed in [12] , calibrated on the present dataset. Such a constitutive behavior posits a linear relationship between the change in emission and the surface stretch
whereĪ 0 is the monomer to excimer ratio at the beginning of the test, α is a constitutive parameter, and ( √ λ − 1) is the surface stretch.
We observe that the fluorescence response is accurately anticipated in the first part of the experiment, while discrepancies are noted for higher values of the stretch. Such discrepancies are likely related to experimental limitations of the current setup, which does not guarantee a uniform illumination of the sample for large deformations (λ > 2.5). The difference between the value of α identified from Fig. 8 and our previous observations in [12] should be related to the different modality of acquisition of the fluorescence response put forward in this study. While fluorescence intensities are obtained from the cameras by integrating the spectrum over a wide range of wavelengths encompassing the emission peak, the spectrometer measures fluorescence intensities by direct measurement of emission maxima in the spectrum. Fig. 8(c) shows the change in the ratio of monomer to excimer emission as a function of the force applied to the material. We observe a nonlinear relation between the force applied and the change in emission, which is expected from the nonlinear response of TPU-BBS blends for large deformations [12] .
Finally, we find that changes in fluorescence are resolved with higher resolution in time by the cameras (5 Hz) then by the spectrophotometer (0.33 Hz). The averaging procedure is performed in time by the spectrophotometer and its accuracy depends on the integration time, while the averaging procedure on the pixel images is performed in space and depends on the size of the averaging window in (9) . Spatial averaging allows the collection of fluorescence data at higher frequencies and enables potential resolution of phenomena occurring at lower timescales, while traditional spectral measurements are mostly limited to static measurements. However, increased spectral accuracy through spatial averaging comes at the expense of reduced spatial resolution, according to the limits related to pixel density discussed in (8) .
IV. CONCLUSION
Strain and force sensing using mechanochromic polymers are expected to open new avenues in soft robotics and environmental engineering. While this class of materials show great potential for the development of novel mechanical transducers for strain and force sensing, current instrumentation for fluorescence detection is only suited for laboratory environments. To overcome this limitation and enable on-site reading and realtime data analysis, we have proposed a mechatronic-based platform, where fluorescence detection is performed using a set of cameras and colored glass filters. An experiment on TPU-BBS polymer blends has been conducted to demonstrate our approach.
We report that the sensitivity of the measurement chain used in the design of the platform is sufficient for detection of the fluorescent response and analysis of the mechanochromic behavior of the material. Further, we find that the proposed spatial averaging technique can resolve fluorescence with higher temporal accuracy in comparison to traditional spectroscopic techniques, enabling the study of phenomena at lower time scales. However, while pixel averaging can improve accuracy of the fluorescence detection, it reduces spatial resolution of the fluorescence signal and limits the spatial accuracy of the reconstruction of the deformation field. Higher spatial accuracy may be attained by using imaging sensors with higher pixel densities and reduced noise levels. However, the use of such devices may lead to an increased cost of the measuring system. Future work will extend this technique beyond experimental mechanics towards the evaluation of rapidly varying fluorescence fields in fluid dynamics experiments. to six repeated loading cycles. The sample is stretched up to λ = 2.5 in successive repeated cycles. Fig. 9(a) displays the values of the average pixel intensities measured for the monomer and excimer channels during the experiment. Similar to the single loading test, we observe a detectable change in intensity in the excimer channel, while the emission intensity in the monomer channel remains nearly constant. In Fig. 9(b) , the variation in the pixel intensity ratio over time is compared with the uniaxial stretch of the sample. We observe a strong correlation between the deformation and the change in emission, which further confirms the applicability of TPU-BBS blends to strain sensing.
Hysteresis of the mechanochromic response is observed during the first loading cycle with a consistent change of pixel intensities in both channels as the sample is initially streched. While the initial emission is not recovered after the first cycle, the mechanochromic response is repeatable during successive cycles, with a limited hysteresis. This behavior is in line with previous observations [12] , where consistent hysteresis of the mechanochromic response during the first loading cycle was found. The higher temporal resolution of the measurement afforded by the cameras enables to clearly detect the sharp initial change of the emission. We attribute such a variation to a nonreversible reorganization and alignment of part of the BBS aggregates, due to the evolution of the polymer microstructure during the first loading cycle, as discussed in [12] .
